We recently reported the function of paxD, which is involved in the paxilline (1) 26 biosynthetic gene cluster in Penicillium paxilli. Recombinant PaxD catalyzed a step-wise 27 regular-type di-prenylation at the 21,22-positions of 1 with dimethylallyl diphosphate 28 (DMAPP) as the prenyl donor. In this study, atmD, which is located in the aflatrem (2) 29 biosynthetic gene cluster in Aspergillus flavus and encodes an enzyme with 32% amino acid 30 identity to PaxD, was characterized using recombinant enzyme. When 1 and DMAPP were 31 used as substrates, two major products and a trace of minor product were formed. The 32 structures of the two major products were determined to be reversely mono- 
Introduction 47
The isoprenoid compounds found in nature, with over 50,000 known examples, include 48 industrially useful compounds such as flavors, antibiotics, and plant hormones, among others 49
(1-3). In some cases, isoprenoids are attached to other moieties, such as polyketide (4), 50 indole/tryptophan (5), (iso)flavonoid (6), and phenazine moieties (7, 8) . The isoprenoid 51 moieties of these compounds are known to be important for their biological activities (9-11). 52
For example, the presence of isoprenoid chains of varying lengths and types is a major 53 determinant of the bioactivity of prenylated flavonoids (12-14). The polyketide-isoprenoid 54 hybrid compounds furaquinocin, naphterpin, marinone, and napyradiomycin have been 55 The following compounds were used for examination of substrate specificity: 4 (purified 129 from culture broth of Aspergillus oryzae carrying paxG, paxM, paxB, and paxC), 130 UPLC equipped with a SQD2) with a Waters ACQUITY UPLC BEH C18 1.7 m column 152 (2.1  50 mm) (Fig. 3C ) or a Waters ACQUITY UPLC BEH Phenyl 1.7 m column (2.1 × 50 153 mm) ( Fig. 4C and 5C ). The analytical conditions were as described previously (19) . 154
Structural analysis of the reaction products formed from 1, 4, and 12 with DMAPP 155
The reaction products using 1, 4, or 12 with DMAPP were fractionated with HPLC.
1 H-and 156 The recombinant AtmD was used for in vitro assay. We used commercially available 1 192 as a prenyl acceptor, which has a similar structure to paspalinine (10), a probable intrinsic 193 substrate (Fig. 1) . After the recombinant AtmD was incubated with 1 and DMAPP, the 194 reaction products were analyzed by HPLC. Two major products and a trace of minor product 195 (Fig. 3A) were specifically detected. Total ion chromatograms obtained by LC/ESI-MS 196 analysis showed three specific peaks with molecular masses corresponding to 197 mono-prenylated 1 (Fig. S3) . Moreover, selected ion chromatograms and their mass spectra 198 strongly suggested that all products were mono-prenylated 1 (Fig. 3C) . Because the yield of 199 the minor product was low, the exact structures of the two major products were analyzed. 200 HR-ESIMS of both products indicated the molecular formula C 31 H 41 NO 4 , supporting that 201 both products were mono-prenylated 1. The 1 H-NMR spectra of one major product (6) 202
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showed new signals assigned to a reversely prenylated moiety at = 5.04 (dd, 1H),  = 5.11 203 (dd, 1H), = 6.11 (dd, 1H), and 1.47 (s, 6H). Extensive NMR data analysis, including COSY, 204 HSQC, HMBC, and NOESY, proved the structure was reversely mono-prenylated 1 at 205 position 21 (6) ( Table S3, NMR data analysis, including COSY, HSQC, HMBC, and NOESY, proved the structure was 209 reversely mono-prenylated 1 at position 20 (7) ( Table S4 , and Fig. S21 to 26) . Considering 210 that the atmD gene is involved in the 2 biosynthetic gene cluster and that 2 and 3 have a 211 reversely attached prenyl moiety at the same positions as those formed with 1 (Fig. 1) , AtmD 212 should catalyze prenylation in 2 and 3 biosynthesis. 213
Biochemical characterization of AtmD 214
The substrate specificity of the AtmD enzyme was investigated. For the prenyl acceptor, 215 compounds related to indole diterpene biosynthesis, such as tryptophan, indole, 216 indole-3-glycerol phosphate, 4, 11, and 12 ( Fig. 1) were examined with DMAPP as a prenyl 217 donor. We also used several cyclo-dipeptides and hydroxynaphthalenes because they were 218 reported to be utilized by many fungal prenyltransferases (25-29). Of these compounds, 4 219 (Fig. 4), 11 (Fig. S5) and 12 (Fig. S4) were suggested to be mono-prenylated by LC-ESI-MS 220 analysis. Because the yield of prenylated 11 was low, the structures of the prenylated 4 and 221 12 were determined. HR-ESIMS of the former and latter products indicated the molecular 222 formulas C 33 H 47 NO 2 and C 28 H 39 N, supporting the production of mono-prenylated 4 and 12. 223
The exact structures of both products were elucidated by NMR analysis but both samples 224 were a mixture of two closely related compounds. We tried to separate each of the 225 compounds using several different columns and the XBridge TM Phenyl Column was found to 226 be effective (Fig. S6) . In the case of mono-prenylated 4, the yield was relatively high and 227 11 each of the products was successfully separated and used for NMR analysis. Very 228 interestingly and surprisingly, the 1 H-NMR spectra of 8 showed new signals for a regularly 229 prenylated moiety at = 3.40 (d, 2H),  = 5.38 (m, 1H), = 1.73 (s, 3H), = 1.75 (s, 3H) 230 (Table S5 and Fig. S27 to S32) . 9 also showed similar 1 H-NMR spectra with characteristic 231 signals at = 3.41 (d, 2H),  = 5.37 (m, 1H), = 1.73 (s, 3H), = 1.73 (s, 3H) (Table S6 and 232 Fig. S33 to S38 ). Finally, one was determined to be regularly mono-prenylated 4 at the 233 21-position (8) and the other regularly mono-prenylated 4 at the 22-position (9). This was 234 contrary to our expectations because reverse prenylation at the 20-and 21-positions (7, 6) 235 occurred with 1 (Fig. 3) . For mono-prenylated 12, we conducted NMR analysis without 236 separation of the two regioisomers (1:2.6 mixture) because the low yield prevented us from 237 isolating a sufficient amount of each product. Typical signals for a regular dimethylallyl 238 moiety were found at = 3.44 (m, 2H) and = 5.38 (m, 1H). Key HMBC, H-H COSY, and 239 NOESY correlations were similar to those of 8 and 9, suggesting that the prenylation takes 240 place at the 5-and 6-positions on the indole moiety (Fig. S39 to S44 ). Taking these results 241 together, the products were determined to be regularly mono-prenylated 12 at the 5-and 242
6-positions (13 and 14). 243
We next examined the substrate specificity of the prenyl donors. Aside from DMAPP, 244 geranyl diphosphate, farnesyl diphosphate, and geranylgeranyl diphosphate were examined. 245
However, no products were formed with 1 and 4 as prenyl acceptors. 246
The biochemical properties of AtmD were investigated using 1 and DMAPP as substrates. 247
Under the conditions described in the Experimental Section, product formation was optimal 248 at 50°C and around pH 7.0 ( Fig. S7 and S8, respectively) . The enzyme showed similar 249 activity regardless of the presence of 5 mM of EDTA, suggesting that it did not require Mg 2+ 250 for its activity. In contrast, Cu 2+ and Zn 2+ significantly inhibited its activity. (Fig. S9) . 251
The kinetic parameters of AtmD were investigated. The enzyme reaction followed 252
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Michaelis-Menten kinetics. Using Hanes-Woolf plots (Fig. S10) , the Km values were 253 calculated as 13.8 ± 0.9 µM for 1 and 2.3 ± 0.1 µM for DMAPP. The kcat values were 254 calculated as 0.38 ± 0.01/sec. We also investigated the kinetic parameters with 4 as the 255 substrate (Fig. S11) . The Km values were calculated as 131 ± 5 µM and 302 ± 11 µM for 4 256 and DMAPP, respectively. The kcat value was 0.09 ± 0.001/sec and the kcat/Km value was 257 considerably lower than for 1. This low value was consistent with the fact that prenylated 4 258 has not been reported as a natural product. 259
PaxD also accepted 4 260
Because AtmD accepted 4, 11, and 12, we examined whether PaxD, which was 261 previously shown to catalyze step-wise regular di-prenylation at the 21,22-positions of 1 to 262 form 5, was also able to use these compounds as prenyl acceptors. In this case, 4 (Fig. 5) and 263 12 (Fig. S4) were suggested to be mono-prenylated by LC-ESI-MS analysis and no 264 diprenylated products were detected. The retention times and the observed mass spectra of 265 both products were the same as those of the products formed by AtmD with 4. The products 266 formed from 4 also contained two closely related compounds (Fig. S6) and each of the 267 products was purified and determined to be the same ones (8 and 9) formed by AtmD from 4 268 and DMAPP. Then, the kinetic parameters of PaxD were compared with those of AtmD. 269
PaxD showed a similar Km value for 4 (124 ± 8 µM) and a very low value for DMAPP (7.9 ± 270 0.4 µM). The kcat value (0.07/sec) was almost the same as that of AtmD (Fig. S12) . either at position 20 (7) or 21 (6) with 1 and DMAPP as substrates (Fig. 3) . In contrast, 287 regular mono prenylation either at position 21 or 22 (8, 9) was observed with 4 as a substrate 288 (Fig. 4) . Moreover, PaxD, which had been shown to produce a regularly di-prenylated 289 product at the 21,22-positions (5) from 1 (19), catalyzed the same reactions as those of AtmD 290 with 4 (Fig. 5) . We are unable to estimate the reaction mechanisms to explain why these 291 enzymes altered their position specificity, the regular/reverse mode for prenylation, and the 292 number of introduced DMAPP to structurally related compounds; additional experiments 293 such as molecular evolution engineering and site-directed mutagenesis based on x-ray 294 structures of the enzymes may give us an answer. 295
Besides the enzymes we studied, CdpNPT (31), AnaPT (32), and CdpC3PT (33), whose 296 real substrates are probably cyclo-L-Trp-L-Tyr, (R)-benzodiazepinedione, and several cyclic 297 dipeptides, respectively, were recently shown to accept hydroxynaphthalenes as substrates 298 
